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Abstract

Managing forest resources for sustainability requires the successful integration of eco-
nomic and ecological  goals.  To attain such integration,  land managers need decision support
tools that  incorporate science,  land-use strategies,  and policy options to assess resources
sustainabil i ty at  large scales.  Landscape Evaluation of Effects of Management Activit ies on
Timber and Habitat  (LEEMATH) is a tool for evaluating alternative management strategies
from both economic and ecological perspectives. The current version of LEEMATH
emphasizes timber production and wildlife habitat in industrial forest landscapes. LEE-
MATH provides a framework upon which various models can be integrated. It is generic
because i t  is  designed to model  s tand growth,  habitat  a t t r ibute,  and habitat  sui tabi l i ty  as  they
exist  generally throughout the American Southeast .  I t  is  dynamic because i t  examines effects
of management strategies on t imber production and habitat  quali ty over t ime,  especial ly the
balance between habitat loss and regrowth at the landscape scale. It is spatially explicit
because i t  evaluates landscape configuration for i ts  effects on habitat  in terms of adjacency
requirements and dispersal potential. It is heuristic because it simulates the dynamics of
forest stands under different management scenarios and allows land managers to ask
‘WHAT-IF’ questions to explore management alternatives and their possible effects over
time. In this paper, we discuss how to integrate different models into a decision-support
system, and how to evaluate habitat  sui tabil i ty at  the landscape level .  We also discuss the
gaps in our knowledge of  landscape habitat  assessment and the l imitat ions of  LEEMATH.
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Finally, we apply LEEMATH to a forested landscape on the coastal plain of South
Carolina, USA, to demonstrate its usefulness in management planning with multiple
interests. We show the effects of two management regimes on timber production, habitat
attribute dynamics, and habitat quality of three target wildlife species at both the stand and
the landscape scales. Published by Elsevier Science B.V.

Keywords: Ecosystem management; Landscape; Decision-support system; Sustainable forestry; Habitat
attribute model; Habitat suitability

1. Introduction

Ecosystem management is a commonly perceived approach to ensuring the
sustainability of natural resources (Franklin, 1993; Salwasser, 1994; Christensen et
al., 1996). Managing forested landscapes for both ‘goods’ (timber, food, forage,
game species) and ‘services’ (providing wildlife habitat, maintaining biogeochemical
and hydrological cycles, generating and maintaining soil) is key to sustaining
natural resources (Lubchenco et al., 1991; Christensen et al., 1996). While a
consensus on its precise definition remains elusive, some basic tenets of ecosystem
management have emerged (Salwasser, 1994; Berlyn and Ashton, 1996; Christensen
et al., 1996; Lele and Norgaard, 1996; Grumbine, 1997). First, ecosystem manage-
ment is based on ecological principles. These ecological principles describe how the
physical (i.e. solar energy, water, climate) and biological (i.e. food chains, trophic
levels, succession) components of ecosystems function and interact, and what
potentials and consequences an ecosystem may reach as a result of a given set of
management decisions (Salwasser, 1994; Christensen et al., 1996). Second, ecosys-
tem management must consider values, social goals, and other socio-economic
factors that translate into policies and, ultimately, management priorities and
decisions (Salwasser, 1994; Lele and Norgaard, 1996; Haynes and Weigand, 1997).
Third, ecosystem management requires that scientists, economists, land managers,
and the public collaborate to set priorities that will balance the conflicting goals of
a pluralistic society (Salwasser, 1994). Thus, ecosystem management decisions must
be made in the context of ecological, economic, social, political, and legal parame-
ters (Grumbine, 1997). Maser (1994, p. 309) provided an operational definition of
ecosystem management: “[It is an] ecosystem approach to making, implementing,
and evaluating decisions, by recognizing the interactions and interrelationships
among different components (integrating parts), by understanding the relation
between the system and its context, and by balancing the production and mainte-
nance of ecosystem goods and services”.

.

Sustainable forest management will depend on successful integration of economic
and ecological goals. Such integration can be a very complex process (Haynes and
Weigand, 1997; Kohm and Franklin, 1997). It will require tools that integrate
biophysical and economic systems to provide ecological and economic evaluations
of forestry operations where timely information is necessary, but experimentation in
the field or laboratory cannot be done because of time, money, scale, or ethics.
Because of the increasing and often conflicting demands on a limited land base,
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land managers are asking: How can we manage forest landscapes to obtain
maximum benefits while ensuring the integrity of the natural resources on which
these benefits are based? Decision-support systems are tools that can help answer
this question.

In this paper, we present Landscape Evaluation of Effects of Management
Activities on Timber and Habitat (LEEMATH), a decision-support tool that has
been designed to balance economic and ecological constraints in the management of
forest resources. As a generic, spatially explicit, and dynamic model, LEEMATH
simulates timber harvest and growth, habitat loss and regrowth, and habitat quality
for birds, reptiles, and amphibians in managed forest landscapes in Southeastern
USA. Such decision-support systems provide a new way to synthesize scientific
information from multiple disciplines and to deliver necessary information to those
who are charged to effectively manage natural resources for multiple objectives
(Mower et al., 1997; Rauscher, 1999). The current version of LEEMATH  deals
only with timber production and wildlife habitat in managed landscapes, although
other factors embraced in the ecosystem management concept will be considered in
the future (e.g. detailed economic analysis, social values, water quality). This paper
describes the modeling approaches and the model structure of ,LEEMATH,  and, by
means of a simulation experiment with an industrial forest landscape on the coastal
plains of South Carolina, USA, shows how it can be used in land management
planning. We also discuss some lessons learned, especially about the gaps in our
knowledge of landscape habitat assessment.

2. Model description

2.1. Modeling approach

The central idea of LEEMATH  is to bring both environmental and economic
perspectives into forest management planning to assist decision-making (Fig. 1). In
LEEMATH,  we are developing a general framework upon which expert systems,
empirical models, mechanistic models, and spatial analysis can be integrated to help
implement the principles of ecosystem management.

LEEMATH  has four major characteristics. It is generic because it is designed to
model stand growth, habitat attribute, and habitat suitability as they exist generally
throughout the American Southeast. It handles site-specific elements as input data,
instead of as model parameters. The information flow between modules is mini-
mized to reduce their dependence so that the stand and habitat models may be
replaced by models better suited to specific conditions or applications. It is dynamic
because it examines effects of management strategies on timber production and
habitat quality in the whole landscape over time. At the stand scale, significant
change may result from natural processes (e.g. stand growth, succession, wild fire)
and management activities (e.g. thinning, fertilization). Habitat loss and habitat
regrowth are associated with the processes of stand growth and succession. At the
landscape scale, balance between habitat loss in some stands and habitat regrowth
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in others may be crucial to the long-term persistence of many wildlife species. It is
spatially explicit because it evaluates landscape configuration for its effects on
habitat in terms of adjacency requirements and dispersal potential. Most current
landscape models do not consider landscape structure (i.e. nonspatial), even though
some are coupled with geographic information systems (GIS) (Benson and Lau-
denslayer, 1986; Brand et al., 1986; Davis and DeLain, 1986; Burgman et al., 1994;
Mower et al., 1997). We incorporate landscape structure into habitat evaluation
and management planning in the model so that effects of the spatial configuration
on wildlife habitats and timber production can be examined. It is heuristic because
it simulates the dynamics of forest stands under different management scenarios
(i.e. different simulation conditions) and allows land managers to ask ‘WHAT-IF’
questions to explore management alternatives and their possible effects over time.
Thus, the model can be used as a tool to implement the ecosystem management
concept.

Fig. 1. The conceptual structure of a decision support tool (LEEMATH) for landscape evaluation of
effects of management activities on timber and habitat.
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2.2. Model structure and components

LEEMATH  is composed of expert systems, empirical models, mechanistic mod-
els, and spatial analysis. It is coded in FORTRAN. Fig. 1 shows the conceptual
structure, displaying its eight major modules, as well as the information flow among
modules. We now describe each of the modules in detail.

2.2.1. Management regime
A management regime is a set of management objectives and activities that define

possible management scenarios. In LEEMATH,  this includes: (1) a harvest sched-
ule, (2) a silviculture treatment plan, (3) a desired spatial distribution of stands, and
(4) a target wildlife species list. The harvest schedule and the silviculture treatment
plan are part of the traditional management planning. The harvest schedule is used
to determine when, where, and how much timber can be harvested from the
landscape (for example, Van Deusen, 1996). LEEMATH  can use harvest schedules
that are either a product of forest management planning or an output from a
rule-based model. The silviculture treatment plan is used to consider what treat-
ments (e.g. site preparation, thinning, burning, herbicide, fertilization) should be
applied to a stand and when they should be applied. Like the harvest schedule,
LEEMATH  uses the output from rule-based models when a real silviculture
treatment plan is not available. On the other hand, the desired spatial distribution
of stands and the target species list are environmental considerations that constrain
the planning process. The desired spatial distribution of stands is the landscape
configuration that land managers may wish to implement to reflect the ecological
perspectives on best management practices (Freemark et al., 1995; McCarthy and
Burgman, 1995; Wiens, 1995; Hunter, 1997). Examples of the desirable landscape
configuration include corridor systems (i.e. networks of linear habitat to facilitate
species dispersal), stream-side management zones (i.e. protected buffer zones along
streams), forest cutting patterns (i.e. systems to distribute clear cuts in the land-
scape), and the maximum cutting size of contiguous stands. The target species list
enumerates those wildlife species selected for evaluation or protection.

Timber harvest is the major force that shapes vegetation change in a managed
forest landscape, and vegetation change sets the context in which habitat dynamics
for each wildlife species take shape. In LEEMATH,  a simple model was developed
as a default to generate harvest schedules for simulation when real, user-defined
management plans are not available or when a heuristic examination of alternative
harvest schedules is desirable. The model is rule-based with control variables on: (1)
timber flow, (2) rotation age, and (3) adjacency. An even timber flow over time may
be a desirable management output. However, the harvest scheduling model does
not directly control timber flow, but, rather, the total harvest area (e.g. 600
hectares) at a given time. Rotation age is controlled for pine and hardwood stands
separately (e.g. 30 years for pine and 60 years for hardwood stands). Adjacency is
one of the factors that define the desired spatial structure of managed landscapes.
The adjacency rule proposed in the Sustainable Forestry Initiative by the American
Forest and Paper Association (1994) was adopted in the model. It states that, on
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average, a contiguous patch of clearcut  stands should not exceed a certain size (e.g.
50 hectares) within a 3-year period.

2.2.2. Stand growth module
The current version of LEEMATH  uses one pine model to represent all pine

forests, one hardwood model to represent all hardwood forests, and the combina-
tion of the two models to represent mixed forests. LEEMATH  has to deal with
more than 14 forest types (Hamel, 1992; Wilson, 1995) but no growth models have
been developed for many of them. This may cause problems in accurately predict-
ing stand growth. A possible solution may be to use an individual tree model that
can handle most of the common pine and hardwood species in a given region. The
pine model in LEEMATH  is for loblolly pine (Pinus  taeda) plantations. It is a
diameter distribution model created by Clutter et al. (1984) for unthinned loblolly
pine plantations on the coastal plain of North and South Carolina, Georgia, and
Florida. It uses stand age, basal area, and the Weibull probability density function
to predict dominant tree height, density, and basal area for each diameter class.
This model fits whole stand volume data reasonably well for the spacing most
commonly used in loblolly pine plantations (ca. 3 m; Buford, 1991). The hardwood
model in LEEMATH  is for sweetgum  (Liquidambar styracz$ua),  which is a whole
stand model created by Kenney (1983) for Piedmont bottomland hardwood stands
with a large proportion of sweetgum  in North and South Carolina, Virginia,
Georgia, ,and Alabama. The sweetgum  model uses site index, stand age, and the
basal area at the previous year to predict dominant tree height, density, and basal
area.

2.2.3. Habitat attribute module
Habitat attributes are those structural features that are related to food, shelter,

and other physical habitat characteristics necessary for the reproduction and
survival of wildlife species (Schamberger and O’Neil,  1986; Hamel, 1992). The
habitat attribute module in LEEMATH  projects habitat dynamics at the stand
scale, considering habitat characteristics such as canopy closure, understory vegeta-
tion, snags, coarse woody debris, litter biomass, and vertical structure. These
habitat characteristics are necessary components of habitat suitability models, but
most are not available from stand growth models. To assess successfully the effects
of forest management on wildlife habitats, we must be able to predict changes in
habitat attributes at different developmental stages of stands and under different
silvicultural treatments (Smith et al., 1981; Moeur, 1986; Urban and Smith, 1989;
Teck et al., 1996). Few field studies have focused on this problem (Moeur, 1986), so
we developed habitat attribute models using both empirical and mechanistic
approaches to bridge gaps between growth and habitat suitability models (H. Li, P.
Mou, unpublished manuscript). The empirical approach is based on relationships
between habitat attributes and some stand characteristics (e.g. stand age, type,
basal area) (Harmon et al., 1986; Tappe et al., 1992). The mechanistic approach is
based on individually based and spatially explicit model of forest stand dynamics,
REGROW (Wu et al., 1985; Mou and Fahey, 1993; Mou et al., 1993). Similar to
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SORTIE by Pacala et al. (1993) and ZELIG by Smith and Urban (1988),  RE-
GROW focuses on the spatial distributions and dynamics of plant species, canopy
cover, and various physical characteristics (e.g. light, soil water, nutrients) at a fine
scale. The main advantages of the mechanistic approach are that it allows extrapo-
lation of models in systems for which not many data are available, and that it can
provide fine-scaled information necessary to habitat evaluation of some amphibians
and reptiles.

2.2.4. Habitat suitability module
The habitat suitability module assesses a stand’s habitat potential by comparing

current habitat attribute conditions and the known habitat requirements by the
species. Habitat requirements usually consist of observed species associations with
certain habitat features (Schamberger and O’Neil,  1986). LEEMATH  examines the
structural characteristics of habitat, rather than species population dynamics or
carrying capacity (Schamberger and O’Neil,  1986). This is because our current
knowledge base about species habitat selection and movement is limited and highly
uncertain (Wiens, 1995). We assumed that, given time, the populations of target
species would recolonize stands when they became suitable habitat again.

The habitat suitability module in LEEMATH  is based on two expert systems,
developed and compiled by Hamel (1992) for 253 bird species, and by Wilson
(1995) for 241 amphibian and reptile species in Southern USA. Each expert system
consists of a database of individual species’ habitat requirements and an evaluation
scheme. The database is the habitat matrices that reflect known habitat require-
ments in four categories: (1) forest type and stand developmental stages, (2) vertical
structure by birds, (3) physiographic features by amphibians and reptiles, and (4)
specific habitat features. Such models are often referred to as wildlife habitat
relationship models (Dedon et al., 1986). The successful use of LEEMATH  will
require updating these habitat matrices whenever new information becomes avail-
able. The evaluation scheme for determining habitat quality at the stand scale is
based on ranking provided in the habitat matrices (Hamel, 1992; Wilson, 1995).
First, a combination of the two principal factors, forest type and stand develop-
mental stage, is used to determine the initial habitat rank of a stand for a given
species (i.e. optimal, suitable, marginal, or nonhabitat). Then, additional factors
(e.g. vertical structure, physiographic features, within-stand specific habitat require-
ments) are considered to determine the predicted habitat rank of the stand.

2.2.5. Spatial habitat attribute module
The spatial habitat attribute module was derived from the spatial heterogeneity

analysis program for categorical maps, SHAPC (Li and Reynolds, 1994, 1995). The
model consists of two sets of routines to calculate spatial characteristics of
landscapes from GIS data: one to measure the characteristics of landscape configu-
ration (e.g. edge density, patch size, distance to stream or wetland) and the other to
calculate landscape indices (e.g. patchiness, contagion, fractal dimension). Many
species require specific landscape configurations, and the degree to which those
configurations are or are not present may exert great influence on habitat quality
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(Hamel, 1992; Wiens et al., 1993; Freemark et al., 199.5; Hunter, 1997); for
example, edge density represents the quality of ecotone habitat, patch size reflects
the quality of interior habitat or home range, distance to water portrays the
habitat quality for many amphibian and reptile species that require both forests
and water bodies to complete their life cycles, and nearest-neighbor distance
affects dispersal and metapopulation dynamics. Most landscape indices do not
have unequivocal ecological meanings because they have complex and nonlinear
relations to those real landscape variables and are insensitive to offsetting changes
in different elements (Li and Reynolds, 1994). Nonetheless, some studies suggest
that landscape indices may relate to wildlife habitat quality (O’Neill  et al., 1988;
Flather and Sauer, 1996). Because of their potential in providing a new way of
habitat assessment at landscape or regional scales, landscape indices were included
as part of spatial habitat attributes in LEEMATH.

2.2.6. Landscape habitat quality module
The landscape habitat quality module assesses overall habitat quality at the

landscape scale, emphasizing landscape measures and spatial habitat requirements
of species. This model is similar to the deductive GIS habitat suitability model
discussed by Stoms et al. (1992). Considering landscape ecological principles, we
designed two schemes to characterize habitat quality at the landscape scale
(Turner, 1989; Freemark et al., 1995; Pickett  and Cadenasso, 1995; Hunter, 1997).
The first scheme is an expansion of the habitat matrices used to quantify habitat
suitability at the stand scale (Hamel, 1992; Wilson, 1995), and examines species
habitat requirements in ‘edge’ areas, minimum patch size, adjacency to water or
wetland, and other landscape characteristics. The information on spatial habitat
requirements is available for some wildlife species in the literature, although no
database exists. The second scheme applies landscape analysis to the aggregated
habitat maps rather than those original GIS maps (e.g. vegetation type map).
LEEMATH  simulation produces an aggregated habitat map for each target spe-
cies at each time step, by aggregating adjacent stands with the same habitat rank
predicted by the habitat suitability module. However, the user can choose to use
original GIS maps with natural patches.

2.2.7. Landscape spatial information system
The landscape spatial information system (LSIS) is a set of tools and routines

for GIS interface, input-output management, system variable updating and book-
keeping, and data reformatting. Data exchanges between the most recent version
of LEEMATH  and GIS are limited to the exporting of data from GIS for
simulation, and the importing of simulation results into GIS for spatial displays.
These input and output data can be in either map or table formats. In addition,
real data come in many different formats and, sometimes, with essential data
missing. Before LEEMATH  can use these data, the user must estimate missing
data and reformat all data. We developed programs in LSIS that assist the user in
accomplishing these tasks. For example, tree density is an essential variable used
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to run the stand growth models, but tree density in hardwood stands is often not
sampled or reported in the forest inventory database. To run LEEMATH  for
hardwood or mixed stands, the user must invoke the program to estimate tree
density from a mean value for young stands, modified by stand age and current
stocking of basal area. The uncertainty caused by such estimation routines must
be acknowledged.

2.2.8. Economic analysis module
The economic analysis module is to assess implications of alternative manage-

ment strategies on net profits from timber production under different economic
and environmental constraints. Economic analysis is designed as an expert system
with databases of timber revenues, annual growth rates, the discount rate, and
operational costs (e.g. planting, bedding, fertilizing, burning, logging). It can be
used to calculate opportunity costs associated with environmental protection al-
ternatives, and evaluates the environmental and economic tradeoffs of forest
management options. Valuation of ecosystem goods and services needs to be
developed and incorporated into economic analysis (Haynes and Weigand, 1997).
The current version of LEEMATH  uses timber production as a surrogate of
economic outputs; a comprehensive economic analysis is in the process of being
developed.

2.3. Input to and output from LEEMATH

Input data necessary to run LEEMATH  include five categories (Table 1). GIS
maps and associated parameters (e.g. map dimensions, scale) help define the
spatial context of the landscape for simulation. The forest inventory data are
primarily used to drive the stand growth models. For better economic analysis,
the proportions (in density or basal area) of hardwood and pine in each stand
are also needed. All forest inventory variables are essential, although some can
be estimated if they are not available. The habitat matrices define habitat re-
quirements of individual wildlife species (Hamel, 1992; Wilson, 1995). These
habitat matrices should be updated to reflect new information and the user’s
experiences and observations. A few habitat attributes cannot be predicted by the
models, including special attributes like isolated wetlands, ponds, grassy open-
ings, rocky places, and earth banks (Hamel, 1992; Wilson, 1995). These special
habitat attributes will not be considered in habitat evaluation if their existence in
the landscape is not reported in the stand inventory data. The information on
management regimes defines the management scenarios that the user wants to
examine.

Output from LEEMATH  includes many predictions that characterize various
aspects of landscape dynamics (Table 1). LEEMATH  predictions include three
categories: (1) timber growth and harvest, (2) habitat attribute dynamics, and (3)
habitat suitability of the target species. Each category of the output may be
summarized at either the stand or the landscape scales. All the predictions are
made by simulation year; some are made also by stand, by species, or by both.
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Major inputs and outputs of LEEMATH
-

Input output

A. GIS  maps
Vegetation type
Soil type
Stream network

B. Forest inoentory  data
Stand distribution map
Forest type
Stand age
Basal area (by species)
Dominant tree height
Tree density
Site index

C. Habitat matrix
Forest type and stand stage
Vertical structure
Physiographic features
Specific habitat features
Spatial habitat features

D. Special habitat attributes
Isolated wetlands
Grassy openings
Rocky places

E. Management regime
Harvest schedule
Silvicultural treatment plan
Target wildlife species list
-

3. LEEMATH  simulation example

A. Timber growth and harvest
Total basal area
Basal area growth
Basal area harvested
Dominant tree height
Tree density
Quadratic mean diameter
Tree mortality

B. Habitat attributes
Stand developmental stage
Canopy closure
Woody plant percent cover
Herbaceous plant percent cover
Snags by size classes
Coarse woody debris
Litter biomass
Edge density
Mean habitat patch size
Distance to stream or wetland

C. Habitat suitability of a species
Habitat rank by stands
Aggregated habitat maps
Average habitat rank
Habitat rank frequency
Total habitat area
Habitat loss
Habitat regrowth
Landscape indices

We applied LEEMATH  to a forested landscape on the coastal plain of South
Carolina, USA. This simulation example is a part of a cooperative research project
sponsored by the National Fish and Wildlife Foundation, the National Council of
the Paper Industry for Air and Stream Improvement, the National Audubon
Society, the US Department of Agriculture Forest Service Center for Forested
Wetlands Research, and the International Paper Company. It is important to note
that the following management regimes were created for the sole purpose of
demonstrating LEEMATH.  This simulation should not be viewed, under any
circumstances, as analysis for management policy development or planning by the
lnternational Paper Company. With this example, we wish to show that land
managers can use LEEMATH  to evaluate economic output and ecological consid-
erations simultaneously in forest management planning.
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3.1. Study site

2 7 3

The Woodbury  Tract is at the confluence of the Little Pee Dee River and the
Greater Pee Dee River, west of Georgetown, SC. The tract is about 12 000 ha. The
vegetation types there include longleaf  pine (Pinus palustvis),  loblolly pine, cypress-
tupelo (Taxodium sp. and Nyssa  aquatica), bottomland hardwoods, upland oak
(QU~YCUS sp.), mixed pine-hardwoods, and nonforest (Fig. 2). Forest inventory data
include stand variables such as tree species, stand age, basal area, tree density, and
soil types. The GIS data were provided by the International Paper Company, who
owns and manages the tract.

3.2. Simulation set-up

We created two management regimes for this simulation experiment. The two
management regimes differed only in harvest schedules generated by the rule-based
harvest scheduling model. Harvesting schedule A used shorter rotation ages (i.e. 20
years for pine and 40 years for hardwood), while schedule B used longer rotation

Fig. 2. The vegetation type distribution in the Woodbury  landscape. Six forest types are present with a
large proportion of hardwood forests. The GIS map also shows the stream systems.
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Table 2
The habitat requirements of the three target species used in LEEMATH  simulation with the
Woodbury  data (Hamel,  1992; Wilson, 1995)

Habitat attribute Species habitat requirementa

Acadian Flycatcher Bachman’s Sparrow Barking Treefrog

Forest type and stage
Cypress

Grassy
Seedling
Pole timber
Saw timber

LobloNy
Grassy
Seedling
Pole timber
Saw timber

- Sb
- - S
0 - S
0 - 0

- S S
- 0 S
- M S
- - 0

Vertical structure
Herbaceous
Shrub
Midstory
Overstory

Physiographic features
Sandhills
Flatwoods
Swamps
Carolina bays

N, F, P
N F, P

N, F, P
N F, P
P
P

Yes
Yes
Yes
Yes

Special habitat features
Canopy closure , Closed Open Closed
Snags 215 cm
Moist soil Yes
Dead trees Yes
Water Fresh Pond

a Note that the list of habitat attributes is incomplete: only two of the 14 forest types are shown here,
only the breeding season habitat requirements are included for the birds, and only some of the
physiographic features and the special habitat features are included. Refer to Hamel  (1992) and Wilson
(1995) for the complete habitat matrices.

b The four habitat ranks are optimal (0), suitable (S), marginal (M), and nonhabitat (0.
c The three usage types for birds are indicated by the letters N (nesting), F (foraging), and P

(perching).

ages (i.e. 30 years for pine and 60 years for hardwood). Both schedules used a 50
ha adjacency constraint and a 600 ha annual harvest limit. No silvicultural
treatment was used. Three species were selected because they represent different
functional groups (Table 2) (Hamel, 1992; Wilson, 1995). Acadian Flycatcher
(Empidonax  uirescens)  is a tree-nesting Neotropical migratory bird that requires
moist deciduous forest with a moderate understory and generally near a stream.
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Bachman’s Sparrow (Aimophila aestivalis) is a ground-nesting resident bird that
breeds in open (young) pine forest, especially where there is a thick cover of
herbaceous understory. Barking Treefrog  (Phyla  gratiosa) lives in permanent ponds
in pine flatwood  or bottomland hardwood stands and overwinters by burrowing
into the ground near ponds.

We ran LEEMATH  for 150 simulation years under each of the two management
regimes, using forest inventory data from the Woodbury landscape. We limited our
use of the special habitat features to those that could be predicted by the models or
derived from GIS maps (e.g. vegetation type, stream network). Because of a lack of
information, we classified all stands in the physiographic region of flatwood. The
spatial resolution of landscape maps used in this simulation was 0.5 ha.

4. Results

Results of the test simulation runs were summarized in three categories: timber
production, habitat attribute dynamics, and habitat quality assessment for the three
target species. Timber production was analyzed at the landscape scale. Fig. 3 shows
the dynamics of timber harvest and growth under the two management scenarios.
Both timber harvest and growth display a flat pattern with some fluctuations,
representing the ‘steady’ economic outputs from the landscape, as defined by our
simulation objectives.

0 30 60 90 1 2 0 1 5 0

S imulat ion  T ime

Fig. 3. The timber harvest (dash lines) and growth (solid lines) over the 150 years of simulation in the
Woodbury  landscape. (A) and (B), landscape conditions generated by harvest schedules A and B,
respectively.
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A. Short Rotation Age

52407

B. Long Rotation Age

0 30 60 90 120 150 0 30 60 90 120 150

Simulation Time Simulation Time

Fig. 4. The dynamics of three habitat attributes (i.e. basal area, canopy closure, woody understory
vegetation percent cover) in two individual stand over the 150 years of simulation. In each panel, the
solid line represents a loblolly pine stand and the dashed line represents a cypress-tupelo stand. The
loblolly pine stand was harvested seven times under the short rotation regime (A panels), and five times
under the long rotation (B panels), whereas the cypress-tupelo stand was harvested four and three times
under the two regimes, respectively. Each harvest year is indicated by the lowest values of basal area.
Notice the cyclic nature of habitat attribute dynamics produced by habitat loss and habitat regrowth.

The habitat attribute dynamics were examined at both the stand and the
landscape scales. At the stand scale, the dynamics of three habitat attributes (i.e.
basal area, canopy closure, woody understory vegetation) were presented for a
loblolly pine stand and a cypress-tupelo stand (Fig. 4). Studying habitat attribute
dynamics in individual stands is of interest because the analysis provides a way of
examining in detail habitat changes at particular locations. This enables us to relate
simulation results to field studies conducted at the same locations. The two stands
were selected because they were among the stands in which wildlife field samplings
were conducted in the Woodbury landscape. The cyclic nature of habitat loss and
regrowth is clearly shown here (Fig. 4). The habitat attributes show clear differences
in the temporal patterns between the two harvest schedules. These differences are
due to the differences in the rotation age. At the landscape scale, the stand
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developmental stage is shown at the selected time steps (Fig. 5). The four-stage
system (i.e. grassy, seedling, pole timber, and saw timber) is commonly used in
forestry to characterize major changes in stand conditions. A clear difference
between the two harvest schedules is that harvest schedule B displays some balance
in the proportions of different stand-developmental stages, but harvest schedule A
has few stands with the saw-timber stage after year 15 under the short rotation

r A. Short Rotation

Fig. 5. The dynamics of a habitat attribute, the developmental stage of forest stands, in the Woodbury
landscape under the two harvest schedules (A and B). The stand stage has four levels: grassy, seedling,
pole timber, and saw timber, representing major changes in stand conditions. The landscape changes are
displayed at four selected simulation times, i.e. 5, 15, 30, and 150.
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B. Long Rotation
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Fig. 5. (Continued)

regime. This will have great influence on habitat quality of the species that require
mature stands.

Similarly, habitat suitability was also examined at the stand and landscape scales.
At the stand scale, the dynamics of habitat ranking for the three species differ
because of their different habitat requirements (Table 2). However, they closely
follow the cyclic patterns of the habitat loss and regrowth in the two stands and
under the two management regimes (Fig. 4). At the landscape scale, habitat quality
for the three species is illustrated by the aggregated habitat maps (Figs. 668). These
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maps show the spatial distribution of species’ habitat at the four selected years and
under the two harvest schedules. From the habitat rank maps, we can assess
management effects on habitat quality at the landscape level and over time for the
target species, and identify potential ‘hot spots’ in management planning. For
example, there are a few stands in the middle of the landscape that provide optimal
habitat for Acadian Flycatcher earlier in the simulation (e.g. year 5, Fig. 6).
Suitable habitat patches for Acadian Flycatcher are contiguous throughout the
simulation years under both management regimes (Fig. 6). Some landscape habitat

A. Short Rotation - Acadian Flycatcher

Fig. 6. A time series of habitat rank maps of Acadian Flycatcher in the Woodbury  landscape at the four
selected simulation times under the two harvest schedules (A and B).
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B. Long Rotation - Acadian Flycatcher
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Fig. 6. (Continued)

variables were calculated from the aggregated habitat maps and are summarized in
Table 3: total habitat area, habitat loss, and habitat gain of the three species. Total
habitat areas fluctuate for Acadian Flycatcher and Bachman’s Sparrow, but show
no change for Barking Treefrog. Bachman’s Sparrow shows balanced habitat loss
and gain, whereas Acadian Flycatcher experiences spikes in habitat loss and gain
over time. For Barking Treefrog, habitat ranks of stands change, but they never
become nonhabitat. This lack of habitat loss and gain over time may indicate
problems with the habitat suitability model of Barking Treefrog.
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Table 3
Landscape habitat variables at the four selected years and under the two harvest schedules”

9
3

Harvest schedule
r:

Year Total habitat area (ha) Habitat loss (ha)
;c”

Habitat gain (ha) a
9

A C F L BACS BATR A C F L BACS BATR A C F L BACS BATR
z

A
6

5 3042.5 2299.5 7084.5 412.0 29.5 0.0 0.0 237.0 0.0 1

A 15 2674.0 3038.5 7084.5 1 3 0 . 5 92.0 0.0
a

1 2 2 2 . 5 1 3 2 . 5 0.0
A

2.
3 0 5896.5 3223.0 7084.5 40.5 1 9 3 . 5 0.0 0.0 1 3 8 . 5 0.0 2

A 1 5 0 5896.5 2202.0 7084.5 43.5 259.5 9’0.0 26.5 159.0 0.0
k

B 5 3266.0 2302.0 7084.5 340.0 29.5 0.0 0.0
2.

148.0 0.0
B 15

2
3263.5 2062.5 7084.5 0.0 275.5 0.0 1081.0 323.5 0.0 2

B 3 0 6048.0 1072.5 7084.5 0.0 318.0 0.0 50.0 1 1 4 . 5 0.0
B 1 5 0 6048.0 1313.0 7084.5 0.0 227.5 0.0 0.0 1 1 4 . 5 0.0 %

b

a ACFL, Acadian Flycatcher; BACS, Bachman’s Sparrow; BATR, Barking Treefrog. 8
s

3
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5. Discussion

5.1. Habitat analysis

Decision-support systems such as LEEMATH  can provide rigorous analysis of
habitat quality for a large number of wildlife species under various management
regimes. LEEMATH  can examine all 494 wildlife species contained in the habitat
matrices, although only three species were selected for this demonstration. Thus,

A. Short Rotation - Bachman’s Sparrow

suitable habitat

Fig. 7. A time series of habitat rank maps of Bachman’s Sparrow in the Woodbury  landscape at the four
selected simulation times under the two harvest schedules (A and B).
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LEEMATH  has the advantage of flexibility and choice over single species based
models. However, different species may respond differently to the same landscape.
Management regimes that are good for one group of species may be bad for
another group. The decision of what species to include on the target species list will
have great impact on management planning. Therefore, criteria to select the target
species must be clearly defined. Examples of selection criteria may include threat-
ened species indigenous to the area, or species whose habitat needs are not met
elsewhere in the region.

B. Long Rotation - Bachman’s Sparrow

Fig. 7. (Continued)
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Successful predictions of habitat quality depend on incorporating wildlife habitat
information at specific sites into habitat matrices of the habitat suitability models.
The habitat suitability models in LEEMATH  are expert systems, and the habitat
matrices need to be updated with new knowledge of species. One can improve the
accuracy and reliability of the model predictions by using the local habitat
information of the target species, especially the forest type. While the habitat
suitability models for avifauna have been tested (J. Kilgo, personal communica-
tion), the models for herpetofauna still need testing and improving as an assessment

- -
A. Short Rotation - Barking Treefrog

Hat

suitable habitat

n opti

Fig. 8. A time series of habitat rank maps of Barking Treefrog  in the Woodbury  landscape at the four
selected simulation times under the two harvest schedules (A and B).



H. Li et al. /Computers and Electronics in Agriculturr  27 (2000) 263-292

B. Long Rotation - Barking Treefrog
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Fig. 8. (Continued)

tool of habitat quality. The LEEMATH  simulation results indicate that the current
habitat model for Barking Treefrog  may have failed to detect habitat changes. The
problem is probably common to many amphibian and reptile species. A possible
cause of the problem may be that Herpetofauna species respond to fine-scale
habitat features that are not predicted correctly by or built into the habitat attribute
models. Thus, model improvement may focus on the prediction of fine-scale habitat
features and their incorporation into the habitat suitability models.
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models. Thus, model improvement may focus on the prediction of fine-scale habitat
features and their incorporation into the habitat suitability models.
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Landscape habitat evaluation must focus on the ecological relevance of GIS data.
Without ecologically relevant data, one cannot guarantee the validity of any
analyses and, thus, achieve any meaningful results of landscape habitat evaluation.
However, GIS data commonly used in landscape analysis may not be ecologically
relevant, because such data are often collected for purposes other than to address
ecological questions. The most important factor that determines the ecological
relevance of the map data is the classification system used to create them. This is
because the inclusion or exclusion of certain patch types in maps affects the
structure of landscape mosaics, The question arises: What should be the standards
by which landscape maps are to be generated for spatial analysis of habitat quality?
Without such standards, it would be impossible to extrapolate any relationships
obtained from spatial habitat analysis at one site to another. In LEEMATH,  we are
addressing the problem using the aggregated habitat maps generated by our spatial
habitat attribute module. Aggregated habitat maps are ecologically relevant because
they relate species habitat use to landscape structure. They reflect how wildlife
species may view the landscape, and capture the differences of habitat quality that
different species experience in the same landscape. The use of aggregated habitat
maps in landscape habitat evaluation will strike a balance between species informa-
tion and landscape analysis and provide a standard that makes extrapolation
possible.

5.2. Model testing

The LEEMATH  model is being tested with forest inventory data and limited
wildlife data at selected sites. Model testing is important because it provides some
measure of confidence in model predictions. However, testing complex, spatial, and
dynamic models like LEEMATH  is a difficult task because, in most cases, no
long-term data of wildlife population dynamics and stand development are avail-
able at large spatial scales, and no comprehensive testing methods have been
developed for such models. The current testing of LEEMATH  emphasizes wildlife
habitat predictions and is restricted to static evaluations that compare LEEMATH
predictions with wildlife data of one or two sampling years. Preliminary tests with
the Woodbury field observations of a dozen species, including Acadian Flycatcher
and Barking Treefrog, show that LEEMATH  predicts habitat quality of these
species with high accuracy at the landscape scale (R. Lancia, W. Gibbons, H. Li,
unpublished data). Regardless of the difficulties in testing LEEMATH,  many of its
component models have been tested in their initial development and subsequent
applications, such as the stand growth models (Kenney, 1983; Clutter et al., 1984)
the habitat attribute model based on forest stand dynamics (Mou et al., 1993)  and
the habitat suitability models for birds (J. Kilgo, personal communication). Many
component models can also be evaluated with observations at the stand level, as
demonstrated in the example. The confidence in the component models determines
the confidence in LEEMATH
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5.3. Knowledge gaps in large-scale habitat assessment

Theory and modeling have certainly surpassed the support of field studies in the
realm of large-scale assessment of habitat quality. The LEEMATH  project has
highlighted the knowledge gaps in habitat quality assessment at the landscape scale,
such as a lack of spatial habitat requirement data, a lack of established relation-
ships between habitat quality and landscape indices, and omission of other land-use
types (e.g. agriculture) in the forest inventory database. First, while speculation is
abundant, data on spatial habitat requirements by species are scarce in the
literature (Hamel, 1992; Freemark et al., 1995; Kareiva and Wennergren, 1995;
Fahrig, 1997; Hunter, 1997). The only spatial habitat requirement available is the
minimum habitat patch size for some birds (Hamel, 1992). Without knowledge of
the spatial habitat requirements of species, we cannot study the effects of landscape
configuration on habitat quality, which is an important objective of LEEMATH
that distinguishes it from other forest planning models such as ECOSYM (Davis
and DeLain, 1986) and FORPLAN  (Burgman et al., 1994). The missing data are
critical to any habitat quality evaluation at the landscape scale. We submit that this
lack of spatial habitat requirement data may be partially responsible for the failure
to detect fragmentation effects in previous field and simulation studies (McGarigal
and McComb,  1995; Fahrig, 1997).

Second, the use of landscape indices to evaluate habitat quality can be traced to
a doctrine of landscape ecology: Ecological processes not only affect, but are
affected by, spatial patterns of ecological systems (Turner, 1989; Pickett  and
Cadenasso, 1995). However, few studies have demonstrated such relationships
(Flather  and Sauer, 1996; Gustafson, 1998). The lack of established relationships
between habitat quality and landscape indices hinders habitat evaluation at the
landscape scale. An important factor to this problem may be the ecological
relevance of landscape indices and the map data used to calculate them. Ecologi-
cally relevant metrics and data are those that can functionally link the dynamics of
ecological processes to landscape structure. Ecological relevance should be deter-
mined by our understanding of both the ecological processes under study and the
quantitative methods that we use (Gustafson, 1998). In evaluating wildlife habitat,
our challenge is to develop or identify those metrics related to food (e.g. quality
versus quantity, foraging efficiency), shelter (e.g. energy conservation, escape from
predation), reproduction (e.g. nesting sites, fecundity) and other population pro-
cesses (e.g. dispersal, survival rates, competition) (Wiens, 1995). Only by using a
combination of ecologically relevant map data and ecologically relevant landscape
metrics can we obtain and extrapolate meaningful relationships between habitat
quality and landscape indices.

Third, habitat assessment should consider the whole landscape, not just part of
it. LEEMATH  simulations are hindered by the lack of input data required for
habitat evaluation, especially data that are not part of the traditional forest
inventory database. An example is the omission of other land-use types (e.g.
agriculture) in the database caused by political or ownership boundaries. The
habitat related data in a full range of land-use types are essential to the proper
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assessment of habitat quality at the landscape scale. For example, adjacency of
Neotropical migratory bird habitats to agricultural fields may degrade habitat
quality because of nest parasitism by cowbirds (Molothrus  sp.) (Robinson et al.,
1995). Other examples include the presence of small isolated wetlands in forest
stands, physiographic characteristics of stands (e.g. sandhills or flatwoods), and
special habitat features (e.g. grassy openings, rocky places). These habitat variables
must be added to the databases to ensure successful habitat assessment at large
scales.

5.4. Decision-support systems for ecosystem management

Decision-support tools that incorporate science, land-use priorities, and policy
options into assessments of forest resource sustainability at large scales are essential
to the implementation of the ecosystem management concept. Ecosystem manage-
ment is complex and must be science based (Kohm and Franklin, 1997; Rauscher,
1999). The most important function of decision-support systems like LEEMATH  is
to synthesize scientific information from various disciplines and deliver it to land
managers in a readily usable form and a timely fashion. The LEEMATH  simula-
tion example suggests that LEEMATH  can be an effective tool to deal with the
complexity of scientific information, as well as the complexity of landscape dynam-
ics over time and space. Ecosystem management is holistic and must consider the
multiple objectives of natural resource management. The LEEMATH  simulation
example suggests that the management system (e.g. economics, values, decisions)
and the biophysical system (e.g. growth, succession, habitat quality) can and should
be combined in the planning process (Salwasser, 1994). Sustainable forest manage-
ment, especially on industrial forest landscapes, must be ecologically sound and
economically feasible (Rauscher, 1999). Thus, developing management plans that
also produce better habitat for target wildlife species is imperative, because conser-
vation cannot succeed in isolated reserves and wilderness areas alone, but in the
vast matrix of managed landscapes (Franklin, 1993). Managed forest landscapes
may provide good habitat for many species (for example, Wigley and Roberts,
1997)  especially at the landscape scale, where the balance between habitat loss and
habitat regrowth can be achieved. A systems perspective with the help of decision-
support tools can manifest good stewardship and land ethics. Ecosystem manage-
ment is adaptive and must reflect constant changes in scientific information,
government policy, and value systems of the society. Decision-support systems like
LEEMATH  can facilitate such an adaptive approach by providing a framework for
timely monitoring, re-evaluation, and adjustment. Simulation models focus on
comparisons among the potential consequences of a range of management alterna-
tives (for example, Thomas et al., 1990; Haynes and Weigand, 1997). With
LEEMATH,  we can ask ‘WHAT-IF’ questions to explore management alternatives
and their possible effects on habitat quality. Our challenge is to find a management
strategy that has the minimum impact on habitat quality while retaining a good
level of economic outputs.
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6. Future work

LEEMATH  model development continues. We will improve different modules of
LEEMATH,  including the habitat attribute models for snags, coarse woody debris,
litter biomass and depth, and understory vegetation, and the habitat suitability
models for herpetofauna. We will complete the economic analysis module so that
environmental constraints can be recognized in assessing the effects and the
implications of alternative management strategies on net profits from timber
production. We will compile a database for spatial habitat requirements so that
LEEMATH  can function in its full capacity. The success of LEEMATH  and other
similar models depends on such information. After testing and sensitivity analyses,
we will deliver LEEMATH  to field researchers and industrial land managers so that
it can be assessed for its usefulness in resource management planning with realistic
management scenarios. Finally, we will modify LEEMATH  such that it may be
used not only to assess management effects on habitat quality, but also to develop
management regimes that meet the desirable habitat quality for selected target
species. This modification is important because, in situations of managing public
lands such as the national forests, environmental considerations may take higher
priority than the economic. The challenge is enormous. However, we are confident
that, with intense multidisciplinary efforts, we will be able to develop better
decision-support systems and answer the question posed at the beginning of the
paper: How can we manage forest landscapes to obtain maximum benefits while
ensuring the integrity of the natural resources on which these benefits are based?
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